Extract intramuscular inoculation of 19-day old chickens with heterologous erythrocytes elicited significantly lower levels of agglutinins in embryonically infected birds when compared with control birds (reciprocal ha titer 10 vs. 100, respectively, P < 0.01). The IgC component of this antibody was substantially less in experimental chickens, 25% vs. 70% in controls. Subsequent anamnestic antibody response in experimental birds was also significantly less than control chickens (reciprocal ha titers 25 vs. 512, respectively, P < 0.02), with continued predominance of IgM antibody in experimental chickens (70% IgM-ha) vs. controls (60% IeC-ha).
immunoglobulin synthesis and controls the transition of immunoglobulin M to immunoglobulin G and immunoglobulin A ( 2 , 4, 23, 26) . The thymus conditions the development of lymphoid cells necessary Tor antigenic recognition and the initial proliferative phases of cell-mediated immunity (7 10, 12, 28) .
Wc have reported previously that mumps virus infection of thc imm:iture chicken embryo produces a transient decrease in the synthesis of IgM and a delay in the transition of Ig production to IgG (24) . In this paper, we have attempted to characterize more precisely the magnitude of the avian dysgammaglobulinemia induced by mumps virus.
Induction of cell-mediated immunity by foorpad inoculation of 46-day-old birds with diphtheria-tetanus toxoid in complete MATERIALS AND METHODS
Freund's adjutant failed to discern suppression of T cell function in previously infected chicks.
CI-IICKENS
Before hatch, the bursae of experimental and control embryos Fertile eggs of the white leghorn species were obtained from the possessed a few IgM-producing lymphoid cells in equivalent num~~~~~h ~~~~~~~h ~~b~~~ ~~d~~~d , washington, and the bers. There was also no difference in the relative population of embryos were reported to be free from lymphoid leukosis, avian IgM-producing cells in the medullary area of bursal follicles of ,ncephalomyel,tis, CELO embryo lethal orphan), 7-day-old hatchling chickens, approximately 70%. However, the ~~~~k '~ disease, Newcastle disease, infectious bronchitis. fowlpox, mean density of IgG-producing cells in the bursae of experimental infectious bursal agent, and avian influenza, type A viruses. chickens was less than that of control chickens, 10% vs. 19%, respectively. Consistent with persistent embryonic viral infection VIRUS and altered bursal function, only IgM-producing cells were detected in the spleens of 7-day-old experimental birds.
Within the first 24 hr of' incubation embryos were inoculated The5e obsertations suggest that persistent embryonic viral infecwith 10' TCID,, of mumps virus (strain Amaris). The biologic tion disturbs the function of bursal-dependent immunopoiesis in the characteristics and method of inoculation of this strain of virus avian host.
have bcen described before (24, 25) . A similar volume of spent HeLa cell culture medium was inoculated into control embryos. Speculation
Because infected embryos had a hatch rate of 25--5OGk. it was necessary to inoculate 3--6 dozen embryos per experiment to Early and persistent embryonic mumps virus infection in the avian harvest a n adequate number of hatchling chickens. control host results in abnormal immunoglobulin maturation and antibody embryos hatched i n greater numbers and 2.-4 dozen embryos per production. The following mechanisms may influence the immune experiment generally produced an equal number of surviving response in this experimental model: viral replication may directly chickens (29) . suppress the transition of IgM-producing cells within the embryonic and hatchling bursa at the stem cell level by altering genetic HEMAGGLUTIN IN ASSAY expression; infection may induce the production of a bursal repressor which disturbs the transition of immunoglobulin synthesis At 19 days of age, hatchling chickens were inoculated intramusfrom IgM to IgC; growth retardation may be associated with cularly in the right thigh with I ml 5% guinea pig erythrocytes generalized diminution of immunocellular replication and function.
suspended in Alsever's solution. Heparinized samples of blood were obtained 6 and 14 days later. A booster immunization of erythrocytes was administered in the left thigh at 33 days of age (14 The embryonic and hatchling chicken provides a unique experi-days after the primary immunization), and a third blood sample mental model whereby one may study the ontogeny of the immune was obtained 13 days later. Chicken plasma was heat-inactivated response and evaluate the separate contributions of the thymic and in a 56" waterbath for 30 min. Microtiter plates were employed bursal systems to the ultimate appearance of cellular and humoral and 0.05 ml plasma was added to the initial dilution well. immunity ( 5 ) . The bursa of Fabricius is the initial site of Calcium-magnesium-free phosphate-buffered saline (PBS). pH 958 YAMAUCHI ET A L 7.4, was pipetted in 0.025-ml volumes into subsequent wells, allowing serial 2-fold dilutions of the plasma samples to 1:256. An additional 0.025 ml PBS was added bringing the total volume for each well to 0.05 ml. An equal volume (0.05 ml) of 0.1% guinea pig erythrocytes suspended in PBS was added and the mixture was incubated at 4O overnight. The reciprocal of the last plasma dilution which produced hemagglutination was considered the mathematical endpoint for the calculation of the hemagglutinin (ha) titers. The absence of ha was determined by the observation of a discrete button of erythrocytes at the bottom of a well.
Anti-chicken IgM and IgG antisera were prepared in rabbits and absorbed with K and X light chains. Plasma from a chicken hyperimmunized with sheep erythrocytes, graciously supplied by Dr. Patricia Byfield, was pretested with anti-Ig sera in order to establish the lowest concentration (greatest dilution) of chicken plasma and antisera sufficient to produce a sharp precipitin band by immuno-gel diffusion. Plasma collected from four control chickens on two separate bleedings was analyzed simultaneously. The anti-Ig reagents were used for verification of the location of IgM and IgG peaks after separation of plasma from experimental and control chickens by gel chromatography on Sephadex G-200 columns and collection of I-ml fractions.
The 280 nm optical density of each fraction was determined with a Gilford spectrophotometer 240. After localizing IgM and IgG peaks, the ha titer of each fraction was determined. Using triangulation, the percentile distribution of IgM-ha and IgG-ha was calculated for each plasma sample.
CELL-MEDIATED IMMUNITY
Modifying the technique of Cooper et al. (5), an equal volume mixture of diphtheria-tetanus toxoid (pediatric) and complete Freund's adjuvant was inoculated in 0.5-ml volumes into the footpad of 46-day-old chickens with a number 23-gauge needle. The toxoid preparation contained 28-35 Lf of diphtheria toxoid and 14-20 Lf of tetanus toxoid. Two weeks after footpad sensitization, the wattles of the male birds were inoculated with undiluted toxoid. Using a 1.0-ml syringe and number 26-gauge needle, 0.1 ml toxoid was injected into the mesial side of the left wattle and 0.1 ml sterile saline was injected into the right wattle. The thickness of the wattles was measured at 24 and 48 hr after inoculation.
IMMUNOFLUORESCENT STUD1 ES
On days 14, 16, 18, and 20 of embryonic incubation, the bursa and spleen were dissected from three experimental and three control chickens and fixed in 95% alcohol at 4 O , overnight. The tissues were transferred to absolute alcohol at 4 O , packed in Dry Ice and shipped under code to Birmingham. At 7 days post-hatch, the bursa and spleen were removed from eight experimental and eight control chickens and handled in an identical fashion. In Birmingham, the tissues were processed using the paraffin embedding technique described by Sainte-Marie (21) and analyzed for Ig-producing cells using rabbit anti-chicken IgM and IgG antisera and indirect immunofluorescent microscopy. The bursae of experimental and control chickens were assessed for the mean percentage of the medullary area of follicles which was diffusely stained.
RESULTS

CHICKENS
Although 3 dozen embryonated eggs were inoculated with mumps virus, only 7 eggs produced hatchling chickens. Two dozen embryonated eggs inoculated with spent HeLa cell culture medium yielded 10 controls. At hatch and regular intervals thereafter, experimental and control chickens were weighed on a Sartorius analytic balance. Throughout the study period the 7 experimental chickens weighed less than the 10 controls. At 7 weeks the mean weight of the experimental birds was 386 * 12.5 g, significantly less than the weight of control birds, 446 + 21.8 g (P < 0.004, Student's t-test; Fig. 1 ).
HEMAGGLUTININ ASSAY
The mean ha titer of six experimental chickens was significantly lower 6 days after immunization when compared with the mean of nine controls (I0 and 100, respectively, P < 0.01, Student's t-test; Fig. 2 ). At the same time there was also a delay in transition of 19s to 7 s antibody in the experimental group, since only 25% of the ha was IgG. In the control chickens IgG constituted 70% of the ha 6 days after immunization. At 14 days after primary immunization there was no significant difference between the ha titers of the experimental and control chickens. At this time the percentage of IgG ha for both groups was also the same. Thirteen days after the booster erythrocyte inoculation, experimental chickens again demonstrated significantly less ha antibody than controls (25 vs. 5 12, P < 0.02, Student's t-test) and persistent depression of the 7 s antibody. In the experimental chickens 30% of the ha was 7 s vs. 60% in the controls. 
ANTIBODY RESPONSE TO MUMPS VIRUS
959
CELL-MEDIATED IMMUNITY contains high titers of virus, but these levels decline by hatch. Viral Wattle reaction to diphtheria-tetanus toxoid was compared in three experimental and four control chickens. At 24 hr the experimental chickens had a mean wattle thickness of 3.2 * .5 mm and the controls 2.7 * 1.3 mm. At 48 hr the experimental chickens had a mean wattle thickness of 1.7 * 0.3 mm and the controls 2.0 + 1 mm. These differences in wattle reaction between experimental and control birds were not significant.
IMMUNOFLUORESCENT STUDIES
During the 6 days prior to hatch a few IgM-producing cells were detected in the bursae of both experimental and control embryos. There was no difference in the relative population of IgM-bearing cells in the medullary area of follicles from the bursae of 7-day-old experimental and control chickens (approximately 70%). Although the density of immunofluorescence varied from bird to bird the population of IgG-producing cells in the bursae of 7-day-old experimental chickens was substantially reduced. Ten percent of the medullary areas of bursal follicles from experimental chickens had diffuse staining for IgG. Three virus-positive chickens had no IgG-staining in the medullary areas. Diffuse IgG staining was detected in 19% of the medullary areas of bursal follicles from control chickens. A few IgM-producing cells were observed only in the spleens of infected chickens.
DISCUSSION
Cooper (5), Thorbecke (26) , Cain (3) , and others (16, 17) have elegantly delineated the development of immunologic competence in the avian host. Experimental ablation or injury to the thymus and/or bursa produces a spectrum of immunologic deficiency states (9, 11, (13) (14) (15) 20) .
In our experimental model of embryonic viral infection, T cell function was normal. The primary alteration of immunopoietic development was restricted to the bursal system and characterized by the attenuation of the maturation of bursal IgM-to IgG-producing cells, antibody response, and the transition of IgM to IgG hemagglutinin. After primary immunization, normal levels of total and IgG antibody were ultimately reached by 2 weeks. However, this sensitive pattern of altered immunopoiesis was recapitulated by secondary immunization. As reported previously (24) , after hatch, levels of plasma IgM and IgG were decreased in chickens which had been infected with mumps virus during early embryogenesis. Consistent with the antibody response in these experiments, disturbed Ig synthesis was transient, since IgM production in experimental chickens equalled that of normal birds by 2 months of age and IgG levels were eventually restored to normal by 11 months (24) .
Faragher et al. (6) inoculated I-day-old chickens with infectious bursal agent, a virus which destroys lymphatic tissue in the bursa, and significantly reduced both primary and secondary serologic responses to Newcastle disease virus vaccine. Experimental infection of chickens with infectious bursal agent at 21 days of age did not deter antibody response and demonstrated the age-dependent relationship between bursectomy and immunocompetence. Once immunologically competent cells have migrated from bursa, destroying bursal lymphocytes has little impact upon the immune system. Faragher and coworkers (6) believed that earlier embryonic viral infection would further suppress the humoral response. In our experiments, chicken embryos were infected within the first 24 hr of incubation.
The normal ontogenic development of immunoglobulins requires that IgM-producing cells shift their Ig product to IgG. The mechanism of this transition is unclear. The major consequence of embryonic viral infection is the inability of IgM-producing cells to switch to IgG synthesis. Mumps virus can be recovered from several embryonic organs throughout the last half of incubation (29) . Although highest titers of virus are found in the heart, at midembryonic incubation the bursa of Fabricius also -infection may cause direct suppression of Ig transition by reorientation of cellular metabolism such that nucleic acid synthesis perquisite to normal Ig and antibody production is either impaired or an abnormal transcript is made. Bursa1 cells cultivated from previously infected 12-day-old embryos demonstrate an increased metabolic rate as measured by incorporation of radiolabeled precursors (29) , coinciding with the imitation of Ig synthesis in ovum (3) . This metabolic alteration is unique to the bursa, since other organs are unaffected. With the increased production of nucleic acids and protein one might postulate the evolution of a repressor substance. Thorbecke et al. (26) hypothesized that bursal cells synthesize a "hormone" which stimulates differentiation of stem cells into Ig-producing cells. In our model, embryonically infected bursal cells might instead synthesize a substance which represses differentiation of the more primitive stem cell, or blocks the production of the stem cell stimulator or hormone. Growth retardation occurs in chickens embryonically infected with mumps virus (24, 27) and has been attributed to a diminution in the cell size of organs (29) . During the full post-hatch period of these immunologic studies, experimental chickens were smaller than control birds. Depression of humoral antibody responses with growth retardation has been demonstrated by a number of investigators (1, 12, 18, 22) and probably reflects impaired replication of immunopoietic tissues.
One or more of the following mechanisms may influence the immune response in this early and persistent embryonic viral infection: viral replication may directly suppress the transition of IgM-producing cells within the embryonic and hatchling bursa at the stem cell level by altering genetic expression; infection may induce the production of a bursal repressor which disturbs the transition of immunoglobulin synthesis from IgM to IgG; finally, growth retardation itself may be associated with diminished immunocellular replication and function.
SUMMARY
Chicken embryos persistently infected with mumps virus exhibit delayed maturation of IgM-producing lymphoid cells to IgG-producing cells in their bursae of Fabricius after hatch. Primary and secondary antibody response to heterologous erythrocytes is attenuated in previously infected chickens and characterized by a delay in transition from IgM to IgG antibody. Cell-mediated immunity is unaffected by embryonic viral infection. Several mechanisms may be involved, including a direct effect of virus on bursal tissue, the induction of a bursal repressor substance, or simply the general impact of growth retardation.
